Sea levels are expected to rise as a result of global temperature increases, one implication of which is the potential exacerbation of sea water intrusion into coastal aquifers. Given that approximately 70% of the world's population resides in coastal regions, it is imperative to understand the interaction between fresh groundwater and sea water intrusion in order to best manage available resources. For this study, controlled investigation has been carried out concerning the temporal variation in sea water intrusion as a result of rising sea levels. A series of fixed inland head two-dimensional sea water intrusion models were developed with SEAWAT in order to assess the impact of rising sea levels on the transient migration of saline intrusion in coastal aquifers under a range of hydrogeological property conditions. A wide range of responses were observed for typical hydrogeological parameter values. Systems with a high ratio of hydraulic conductivity to recharge and high effective porosity lagged behind the equilibrium sea water toe positions during sea-level rise, often by many hundreds of meters, and frequently taking several centuries to equilibrate following a cease in sea-level rise. Systems with a low ratio of hydraulic conductivity to recharge and low effective porosity did not develop such a large degree of disequilibrium and generally stabilized within decades following a cease in sea-level rise. This study provides qualitative initial estimates for the expected rate of intrusion and predicted degree of disequilibrium generated by sea-level rise for a range of hydrogeological parameter values.
Introduction
Water supply issues are an essential aspect in the development and sustainability of societies. Given that approximately 70% of the world's population resides in coastal regions, it is imperative to understand the interaction between fresh groundwater and sea water intrusion in order to best manage available resources (Bear et al. 1999) . Densely populated arid and semi-arid zones are often particularly vulnerable as a result of high demand and limited resources leading to intensive groundwater and Simmons (2009), where first-order assessments are made of the changes in sea water intrusion due to rises in sea level. The limitations imposed by such an approach include the Dupuit-Forchheimer approximation (horizontal flow), no mixing between the fresh and salt waters, no seepage face at the coast, homogeneous and isotropic hydraulic properties, and only under steady-state conditions (Custodio 1987b) . Such assumptions may be suitable in particularly simple systems, but will affect the accuracy of the output to varying degrees and in some cases may result in highly inaccurate estimations. As recognized by Werner and Simmons (2009) , there is a surprising lack of quantitative analysis regarding the estimated extent of intrusion for any particular set of hydrogeological parameters as sea-levels rise.
An additional limitation of the analytical approach is that no consideration is given to transient behavior. Current understanding regarding the period of time between two dynamic equilibria is relatively vague, with estimates ranging from decades to centuries (FAO 1997) with no systematic method to make reasonable estimates. In this article, we aim to numerically model the same 2D unconfined coastal aquifer system investigated by Werner and Simmons (2009) in an effort to relax the number and severity of the constraints imposed by the assumptions required for analytical analysis, and to investigate the behavior of the coastal system between the two steady states determined by their research. Werner and Gallagher (2006) numerically modeled the coastal region of the Pioneer Valley in northern Queensland and suggested that the system is most likely not in equilibrium and is unlikely to stabilize due to variations in land use and climatic conditions. Hughes et al. (2009) recognized that several studies of coastal regions indicated that chloride concentration distributions are often in a state of disequilibrium with current sea levels. However, relatively rapid response of chloride distributions to changes in sea level may occur under certain conditions, for example, the highly permeable Dutch coastal aquifer system was likely to have become salinated within decades (Post and Kooi 2003) . The fact that the rate of chloride concentration response to changes in sea level appears to vary significantly between different aquifers highlights how important it is to be able to understand the relative significance and effect of the hydrogeological parameters involved.
Groundwater flow in coastal aquifers is generally controlled by anthropogenic effects, hydraulic gradients, chloride concentration, and temperature. Recharge, discharge, and aquifer properties and dimensions determine the gradients (Hughes et al. 2009 ). The importance of these properties can be systematically analyzed in terms of output which has some practical implication (e.g., migration of intrusion interface, time to establish a new dynamic equilibrium, etc.). However, with the increased scope of output data in numerical modeling, additional complications are introduced. For instance, hydrodynamic dispersion must be taken into account; the resulting mixing zone implies that a range of concentrations will be present in the system. The acceptable salinity level of drinking water is often taken to be less than 250 mg/L (Choi and Lee 2007) . The Unites States Environmental Protection Agency (2009) recommends maximum contaminant levels for chloride in public water systems of 250 mg/L; the same target is used in Canada. Higher levels result in undesirable taste and potential corrosion to the distribution systems (Health Canada 1979) .
Complications such as tidal effects, heterogeneity, variable recharge, and unsaturated effects are generally less well understood (Cameo 2006) , and in an effort to constrain the research these will not be considered in this study. Although site-specific studies have obvious advantages for groundwater management for that particular area, the geological complexity may obscure a detailed investigation into the relative importance of the hydrogeological parameters and aquifer geometry, and hence would limit the transferability of the results. Post (2005) suggests that the main concern with numerical modeling of coastal aquifer systems is the need to better characterize the model input parameters. Given the complexity of the systems involved, a constrained parametric study may provide us with the platform to make qualitative estimates regarding the potential hydrogeological behavior of a particular aquifer system. It is worth noting that in certain specific situations there may actually be beneficial aspects to sea water intrusion (Howard 1987) . In this study, we will assume that additional salinization of an aquifer is not a desirable outcome.
Climate Change Predictions
Recent projections of sea-level rise vary and no consensus has been reached. The IPCC (2001) predicted that by 2100 global sea levels would rise between 0.09 and 0.88 m for the Special Report on Emissions Scenarios (Church et al. 2001 ). An alternate estimate proposed a global-average sea-level rise of between 0.11 and 0.77 m from 1990 to 2100, which included melting permafrost and ice sheets, and sediment deposition, and also reflected the inherent uncertainties in modeling (Church et al. 2001) . IPCC (2008) suggested that sealevel rise may be in the order of 0.18 to 0.59 m for the same timescale, but pointed out that the projections do not include either uncertainties in future rapid changes in ice disintegration and flow or climate-carbon feedback scenarios; hence the upper value should not to be considered to be the maximum expected sea-level rise by 2100. Rahmstorf (2007) developed a semi-empirical relationship that connected sea-level rise to global mean surface temperature. When applied to warming patterns estimated by the IPCC, a sea-level rise of 0.5 to 1.4 m was predicted. However, some researchers suggest that current predictions are too conservative. Hansen (2007) proposed that a scientific reticence serves to diminish estimates and that system inertias could result in changes far beyond current predictions. Woodworth et al. (2009) Model and Application Werner and Simmons (2009) tested two conceptual models which represent the likely range of behavior in the field. The lower bound expected for saline intrusion is characterized by a flux-controlled system, where the groundwater discharge to the sea is constant (i.e., hydraulic gradients are maintained during sea-level rise by a corresponding increase in groundwater level). The upper bound is represented by head-controlled systems, where the inland head boundary is assumed to remain constant due to the presence of hydrogeological controls such as surface water bodies or well fields (Werner and Simmons 2009) .
Groundwater discharge to the sea is an inexact figure because direct measurements can rarely be taken. An estimate is often obtained from the residual term in the mass balance equation, which contains the accumulated errors. The resulting figure is usually relatively small compared to the other terms in the equation and is not reliable (Custodio 1987a) . Given that the flux-controlled case provides the lower bound of expected sea water intrusion, the true extent of salinity migration is likely to be greater, hence reducing the decision-making value of that conceptual model. For the reasons aforementioned, in particular the greater importance in estimating the upper bound of sea water intrusion, we have opted only to analyze the head-controlled system. Werner and Simmons (2009) investigated the analytical steady-state conditions of saline intrusion for a range of sea-level rise scenarios in a shallow unconfined alluvial aquifer. Parameter values were based on an earlier study concerning sea water intrusion in the Pioneer Valley, Australia (Werner and Gallagher 2006) . For the purposes of comparability between the numerical output and analytical solutions for the head-controlled system, we will use the same baseline and range of sea-level rise used by Werner and Simmons (2009) , that is, up to 1.5-m sea-level rise with the baseline value equal to the upper bound proposed by the IPCC (2001) retain the labels designated in Werner and Simmons' (2009) analytical analysis.
For the purposes of our investigation, a series of transient 2D numerical finite difference model equivalents of the analytical steady-state solutions were produced with the US Geological Survey program SEAWAT Version 4 (Langevin et al. 2008 ). This combines MODFLOW 2000 (Harbaugh et al. 2000) and MT3DMS (Zheng and Wang 1999) for groundwater flow and solute transport, respectively. Detailed descriptions of the numerical methods and equations used in SEAWAT can be found in Guo and Langevin (2002) and Langevin et al. (2008) .
We know that when the ocean head rises, so does the saline intrusion. However, without investigation we have no general indicator of the degree of disequilibrium inherent in a system at any given point in time. This is important for groundwater management because lack of knowledge regarding the potential additional sea water intrusion under current hydrological conditions may result in an abstraction regime with unexpected extensive sea water pollution of the aquifer system many years in the future. For this reason the investigation has an emphasis on the behavior of the extent of intrusion after 90 years of gradual sea-level rise, after which the boundary conditions will be assumed stable, so that it is possible to evaluate how a range of hydrogeological parameters are likely to affect the state of disequilibrium generated over the course of the change in sea level.
The output was used to evaluate the transient behavior of the systems for a range of parameter sets, in order to estimate the extent of the intrusion following the sealevel rise conditions, and to approximate the length of time to a state of dynamic equilibrium. Theoretically, the transitional period between two dynamic equilibria will be nonfinite, and in reality the long-term changes in climate, and even geological and geomorphological processes, will result in an ever changing system (FAO 1997) . For simplicity, we assume that a dynamic equilibrium occurs when the position of the saline toe reaches a steady state to the nearest 0.1 m during the course of the 750-year model duration.
Given that the numerical models of coastal aquifer systems include dispersion, it is necessary to specify a particular concentration within the mixing zone which represents the maximum extent of the intrusion x T at any point in time (shown as the position of the saline water toe in Figure 1 ). Custodio (1987b) defined the mixing zone as the surfaces corresponding to 1% and 95% sea water content based on either total dissolved solids (TDS) or chloride content, or alternatively the lower value may be chosen as the maximum TDS or chloride concentration for drinking water standards. Taking into account the drinking water standards discussed earlier, a lower salinity concentration limit of 250 mg/L was used to estimate the maximum extent of the intrusion x T . The 50% salinity line (17,500 mg/L) was also considered for comparison and to provide some indication of the horizontal width of the mixing zone at x T . It should be noted that the difference between the data compiled using 250 and 17,500 mg/L contours in terms of transient behavior and equilibrium position of x T was minimal, and identical conclusions would be made using either set of data.
It is recognized that, in cases where the depth of the modeled aquifer is increased beyond the maximum interface depth permitted by the Ghyben-Herzberg relationship, a fresh water lens rather than a saline wedge would occur. For data interpretation in scenarios producing a fresh water lens, the definition of x T would need to be altered, for example, taking x T as the extent of intrusion at a particular depth. In order to avoid this complication, the aquifer depth below sea level was set equal to the baseline value of 30 m used by Werner and Simmons (2009) ; this ensured that the range of scenarios tested would theoretically result in a saline wedge.
In order to more closely replicate the behavior of rising sea levels, the constant head boundary conditions defined at the coast were increased linearly from the beginning of the model (t = 0 years) up to t = 90 years, from 0 m to the specified value for that parameter set. For the purposes of monitoring the disequilibrium generated by the preceding 90 years of sea-level rise, boundary conditions were held constant for the remainder of the model duration. The boundary conditions at the coast are defined as Dirichlet (type I), so that rising sea levels can be specified at all times (Guo and Langevin 2002) . This introduces some loss of accuracy, particularly near the coast, as described by Padilla and Cruz-Sanjulián (1997) . However, given that we are interested in the farthest point of intrusion inland, this inaccuracy may be acceptable.
The analytical solutions presented by Werner and Simmons (2009) assumed no outflow face, so in order to minimize the conceptual differences between the analytical and numerical solutions the aquifer beyond the coastal boundary has not been modeled. It is expected that inclusion of an outflow face in the model would result in a slightly increased depth to interface and reduction in the position of x T (Fetter 2001) . It was also assumed that the location of the surface coastal boundary is stationary, that is, sea water does not encroach inland during sea-level rise. This may be an acceptable assumption in cases where coastal inclination is steep; however, in regions with very shallow surface gradients a small rise in sea level may result in a large movement inland of the sea boundary.
The model has 20 layers and a column spacing of 5 m throughout the saline intrusion region. The sensitivity of the solutions to model parameters were analyzed by comparing results to those with different horizontal grid discretization, number of layers, and time-stepping schemes. The differences generated by further refinement of these factors were deemed nonsignificant relative to the effect of the hydrogeological parameters for the baseline model and would not have altered the conclusions drawn from the data. Fofonoff (1985) , the range of corresponding sea water salinity concentrations for water temperatures of 0
• C to 30
• C is 31,120 to 39,322 mg/L. Due to the variability in coastal temperatures, a salinity of 35,000 mg/L is assumed as used by other authors (Gotovac et al. 2001; Choi and Lee 2007) . The sea water boundary represents hydrostatic conditions with a specified ρ s of 1025 kg/m 3 . The assigned head of the ocean boundary (h 0 ) is initially set to 0 m, which is then converted to a reference head using the specified value of ρ s . Flow into the model at the sea boundary has a specified salinity concentration (C s ) of 35,000 mg/L, and flow into the model at the fresh water boundary is at C s = 0 mg/L. There is no restriction on C s for flow out at the sea boundary. The model, as described earlier, was altered methodically to determine the behavior of the system under a range of conditions. The analytical solutions used in Werner and Simmons (2009) indicate that the location of x T is the same for any constant ratio of K/W . It is also recognized from the analytical solutions that the controlling internal factor for x T is the height of fresh water above sea level and that this is inversely proportional to K/W . Although these parameters were varied individually in order to allow comparison with the results in Werner and Simmons (2009) , the results are presented in terms of K/W .
The baseline model was constructed with the same parameter values as used by Werner and Simmons (2009) (Table 1) . Assuming a shallow, unconfined alluvial aquifer, literature values were determined for the additional parameters required by the numerical model, that is, dispersivity, molecular diffusion, porosity, storativity, fluid densities, sea water salinity and viscosity. The WHS solver package was selected for flow and, for efficiency, the implicit generalized conjugate gradient (GCG) solver with modified incomplete Cholesky preconditioner for transport. The advection term was solved using upstream finite differences, intermodal densities were calculated with the central-in-space algorithm, and flow and transport were coupled explicitly. settings are indicated in Table 1 , with default SEAWAT values assigned to any parameters not listed. As a measure to reduce computational expense, the effect of temperature on fluid density is not considered. The following results are for variable-density flow in which the fluid density is a function of the salinity. For each model, the salinity concentration distributions prior to sea-level rise (t = 0 years) were re-imported as necessary for the initial values to provide stable starting conditions.
Results
The model tested the sensitivity of a range of important outputs to a variety of different parameter sets. Particular attention is given to the numerical results concerning the movement trends and position of x T after a given number of years. Unless specified otherwise isotropy and homogeneity are assumed, with parameters taking the values shown in Table 1 and all graphical output referring to numerical rather than analytical results. Numerical results for x T were determined by the location of the 250 mg/L salinity line. Given that specific yield (S y ) and effective porosity (n e ) are independent parameters in the groundwater flow and transport modeling equations, they have been analyzed separately. However, it is recognized that in practice these two parameters are related (McWhorter and Sunada 1977; Kasenow 2006) . Figure 3 illustrates the modeled salinity distributions for the baseline parameter set (with a sea-level rise of 1.5 m) at three key points in time: (a) equilibrium initial conditions; (b) at t = 90 years following 1.5 m sea-level rise; and (c) the new dynamic equilibrium salinity distribution achieved by t = 390 years after the sea level remained at a constant 1.5 m. x T increases by approximately 170 m between t = 0 and 90 years, although the sea-levels rise; however, it is apparent from (c) that the system had developed a state of disequilibrium by t = 90 years because x T increases by a further 138 m after this time despite boundary conditions being held constant. Figure 4 shows the evolution of the saline intrusion between t = 0 and 90 years for a range of effective porosity values (n e ). The boundary conditions were held constant from t = 90 years onwards. With n e = 0.05 and a sea-level rise of 1.5 m, the model failed to converge, for this reason a sea-level rise of 1.22 m is used for all n e values. The difference in final interface positions for the n e range of 0.05 to 0.46 is less than 10 m. However, the difference in transient behavior is significant. The scenario with n e = 0.05 resulted in an interface position only 10.8 m from the final equilibrium position at t = 90 years, taking approximately 10 years to stabilize. For otherwise identical conditions, the system with n e = 0.46 had an interface position of 73.0 m less than the final equilibrium position at t = 90 years, and took approximately 190 years to stabilize. The crosses represent the positions of x T for the baseline parameter set if the sea-level rise ceased at that point in time and the model was given sufficient time to reach a new equilibrium. This suggests that as n e approaches zero, the transient location of x T tends toward the equilibrium position expected at that time if the sea-level rise ceased. The slight oscillations visible are the result of grid refinement constraints. Figure 5 shows the position of x T under steadystate boundary conditions, for the baseline parameter set, following a range of sea-level rise scenarios which occurred between t = 0 and 90 years. The difference in the position of x T after a sea-level rise of 0.1 and 1.5 m is 159.7 m; this increases to 297.6 m over the course of 250 years. The time to equilibrium is significantly longer for the larger sea-level rise scenarios. For a sea-level rise of 0.1 m, it took just 4 years for the interface to stabilize an additional 0.2 m inland, whereas for a sea-level rise of 1.5 m it took approximately 250 years for the interface to stabilize a further 138.1 m inland. Figure 6 shows the position of x T for a system with a K/W ratio of 4.6 × 10 5 under conditions otherwise identical to Figure 5 . Note that there are no data included for a sea-level rise of 1.5 m as the sea water intruded the entire length of the model. By comparing the position of x T at equilibrium in Figure 5 (K/W = 4.6 × 10 4 ) and Figure 6 , we can see that the difference with a sea-level rise of 1.22 m is approximately 785 m, and the difference with a sea-level rise of 0.1 m is close to 130 m.
In order to provide an additional comparison between the transient behavior of the data presented in Figures 5  and 6 and to evaluate the degree of disequilibrium after a given sea-level rise, we can consider the average velocity of the intrusion shown in Figure 7 for a range of K/W values and sea-level rise predictions. Given that the progression of x T should asymptotically approach the final equilibrium position, the average velocity was calculated using the time taken to achieve 95% of the total x T . The system with K/W = 4.6 × 10 3 shows minimal interface movement after t = 90 years for any of the tested sea-level rise scenarios, in some cases a negative average velocity (i.e., seaward) indicates an overall marginal retreat in interface position; however, this may be as a result of numerical inaccuracies rather than any naturally occurring physical process. Both the K/W = 4.6 × 10 4 and K/W = 4.6 × 10 5 systems show a positive average velocity (i.e., inland) after t = 90 years for the range of tested sea-level rises. The effect of the magnitude of sea-level rise on the interface velocity for a particular parameter set becomes progressively more nonlinear as K/W is increased. Figure 8 illustrates the approximate time to equilibrium for three K/W values. The system with K/W = 3.0 × 10 4 resulted in no measureable change in the position of x T following a sea-level rise of 0.1 m, whereas it took 82 years for x T to stabilize following a sea-level rise of 1.5 m. For K/W = 9.1 × 10 4 , the system took 20 years to reach a new equilibrium for a sea-level rise of 0.1 m, and 370 years for a sea-level rise of 1.22 m (note: for this parameter set a sea-level rise of 1.5 m resulted in saline water flooding the entire model). The effect of the magnitude of sea-level rise on the time to equilibrium becomes increasingly nonlinear as K/W is increased. Figure 9a shows the change in the position of x T (i.e., x T ) between t = 0 and 90 years for a range of S y values, and Figure 9b shows the additional x T up to the new equilibrium positions of x T . Over the 90 years of sea-level rise, the entire range of physical S y (from 0 to n e ) only resulted in a maximum difference in x T positions of 5.1 m at the end of the sea-level rise conditions (Figure 9a ). The discrepancy generated up to t = 90 years is reversed by t = 117 years for all parameter sets (Figure 9b) . Similar results can be seen for specific storage (Figures 10a and 10b) . Over 90 years of sea-level rise, the range of tested specific storages (7.22 × 10 −7 to 2 × 10 −2 per m) only resulted in a maximum difference in x T positions of 9.2 m at the end of the sea-level rise conditions (Figure 10a ). The discrepancy generated up to t = 90 years is reversed between t = 107 and 112 years for all parameter sets (Figure 10b ). 
Discussion
We can see from Figure 4 that n e has a considerable effect on the responsiveness of a coastal aquifer system to changes in sea level. In general, the lower the n e , the closer the system is to a state of dynamic equilibrium. The highest porosity systems respond relatively slowly and the salinity concentration distribution may lag behind what would be the dynamic equilibrium state by many centuries. As shown in Figure 5 , a greater sea-level rise will exacerbate this effect. We can also conclude from Figure 5 that the rate of interface movements during the rising sea conditions (between t = 0 and 90 years) were more rapid for the higher sea-level rise scenarios, and also that the rate of intrusion would be elevated relative to the lower sea-level rise scenarios even if sea levels could be stabilized. Although n e is a key parameter in the transient behavior of saline intrusion for the fixed-head model, storativity appears to play little part (Figures 9  and 10 ). Over a range of likely physical values (Batu 1998; Brady and Kunkel 2003) the total variation in x T following a sea-level rise of 1.22 m over the course of 90 years was approximately only 3%. This may appear counter intuitive given the close link between n e and S y identified earlier. However, this behavior implies that, for the fixed-head model, the density effects and parameters driving dispersion are more important than the hydraulic response to the incremental change in ocean head.
Figures 5, 6, 7, and 8 highlight the importance of K/W , and hence the height of fresh water above sea level, with respect to the rate of intrusion during sealevel rise, additional intrusion required to establish a new dynamic equilibrium, and also the time taken to reach this state. Figure 7 indicates that the system with K/W = 4.6 × 10 3 is already close to equilibrium at t = 90 years following any sea-level rise in the tested range. This suggests that when monitoring the saline water distributions in an aquifer with a K/W ratio of this order, a head-controlled system may likely be in, or close to, equilibrium. However, the systems with K/W of 4.6 × 10 4 and 4.6 × 10 5 show a positive intrusion velocity over the range of tested sea-level rises. This implies that under these conditions, as a result of the sea-level rise, a degree of disequilibrium is generated in both systems.
The model with the largest tested K/W ratio (4.6 × 10 5 ) showed the largest disequilibrium in terms of additional sea water intrusion after t = 90 years, the largest time to equilibrium, and also the largest interface velocity. This suggests that a coastal aquifer with a high K/W might pose the most problems in terms of groundwater management. It is important to bear in mind that n e and K, although independent properties, are indirectly related (Ahuja et al. 1989 ). An aquifer with high n e may often have a high conductivity; this particular combination of properties may be particularly problematic in terms of coastal aquifer management during sea-level rise events. For otherwise constant parameters, a higher K would result in an equilibrium position of x T further inland and a higher n e would result in a greater degree of disequilibrium at any point in time. It is possible that an aquifer with these properties may develop a salinity distribution that could be several hundreds of meters and many centuries away from equilibrium conditions during sea-level rise. Aquifers which would traditionally be considered suitable for water supply may suffer the most in both the short and long term from sea water intrusion problems resulting from rising sea levels. Conversely, an aquifer with low K/W and low n e is likely to show minimal response to sea-level rise and potentially reach equilibrium within a few years. The potential lack of data regarding the degree of disequilibrium in any given system may hinder our ability to develop reasonable conceptual and numerical models for site-specific analysis. Hughes et al. (2009) commented on the difficulties of numerical modeling with errors in initial heads, temperatures, and concentrations.
Conclusion
This study considered a numerical approach to the analytical work carried out by Werner and Simmons (2009) in order to allow analysis of the transient behavior of coastal aquifer systems as a result of rising sea levels. The work offers some indication of hydrogeological characteristics that may highlight regions particularly prone to either short-or long-term sea water intrusion problems. The results show that for headcontrolled systems the key endogenous parameters ( x T during and after sea-level rise, and time to establish a new equilibrium) displayed a wide range of responses to some exogenous parameters (e.g., K, W , and n e ) with others showing relatively minimal response (S y and S s ). The magnitude of expected intrusion, and hence the degree of disequilibrium, appears to be more relevant than storativity for predicting transient behavior when considering fixed-head models. Using the results presented, it is possible to estimate the combination of hydrogeological parameters that may result in problems with future salinity distributions.
Systems with low K/W ratio or low n e generally did not develop a significant degree of disequilibrium and normally stabilized within decades following a cease in sea-level rise conditions. However, systems with high K/W ratio or high n e resulted in saline intrusion lagging behind the equilibrium sea water toe positions during sea-level rise, often by many hundreds of meters, and frequently taking several centuries to establish a new equilibrium following a cease in sea-level rise conditions. The application of these results in a practical sense will, at best, be limited to general qualitative estimates, but should improve the understanding and appreciation of the interaction between, and importance of, the individual hydrogeological parameters for head-controlled systems.
Given the large number of models needed to conduct a thorough parametric study, the resulting time constraints imposed limits on the scope of the study. Further work using parameter sets based on real-world data and numerically establishing the transient relationship between K/W and x T may improve the applicability of the results.
There is considerable scope for additional investigation into the conceptual model design. For instance, Fujinawa et al. (2009) modeled a more complex site-specific coastal aquifer including a saline lagoon. It is possible that the insensitivity of model output to storage is a result of the fixed inland head. Further investigation into alternate boundary conditions, for example, the fixed-flux case in Werner and Simmons (2009) , may help to more accurately define the effects of differing storage values. Other research may focus on, for example, modeling beyond the coast in an effort to more realistically replicate the flow regime, layered aquifers, sloping land surface resulting in landward migration of the coastal boundary, tidal effects (especially in regions with a shallow coastal gradient), transient response due to pumping, temperature effects, and aquifer depths that yield a fresh water lens as opposed to a saline wedge.
